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I. INTRODUCTION
As semiconductor technology progresses to achieve smaller and smaller feature dimensions, a growing number of challenges arise leading individuals and groups to develop innovative methods to alleviate the weight of these obstacles. One major challenge, which has shadowed the industry for some time, comes from increased heat dissipation inherent in the scaling down process, which results from a dramatic increase of the transistor density. At sufficiently high temperatures and long exposure times, deformation of transistors may occur, which may cause device malfunction. Recently, industry has adopted a dual core architecture, in which two processor cores separated by copper interconnects are run in parallel to achieve faster central processing unit ͑CPU͒ speeds with less heat dissipation due to the separation distance of the cores. This technology can be extended eventually to include multicores to reduce heat dissipation. Although the concept appears simple, increased performance of ϳ20% is achieved in going from a dual core to a quadruple core due to the delays in the Cu interconnects. One proposed method to increase the communication speed between the cores is to utilize optical interconnects. 1 Some of the advantages of optical interconnects include large bandwidth, low cross-talk, low delay, negligible distant dependent loss, and essentially no heat dissipation ͑in the waveguide͒. [2] [3] [4] [5] One of the drawbacks in the implementation of optics in devices occurs from the poor scalability of fiber optics. For the waveguide, a problem in scaling down originates from the low erbium solubility in the SiO 2 host, which can significantly lower the gain of the device, deeming it impractical. 6 Various methods have been used to enhance the optical performance of Er 3+ -doped SiO 2 waveguide regardless of the low solubility limit. Some of these methods include utilization of sensitizers such as silicon nanoclusters, [7] [8] [9] [10] [11] incorporation of Er in Si x N y , 12 co-implantation of silver in silica glass, 13 preparation of multilayers of Er-doped SiO 2 with silicon rich silicon dioxide ͑SRSO͒, [14] [15] [16] and synthesis of Er-doped oxide nanostructures. 17, 18 Much research effort has also been directed in determining the absorption cross sections for these material systems. For example, the photoluminescence ͑PL͒ rise time measurements have been used to determine an enhanced effective excitation absorption cross section of 1.1 ϫ 10 −16 cm of Er in SiO 2 and the slight improvement in peak absorption cross section with Si inclusion, SiO 2 turns out to be an unsuitable host material for miniaturizing compact planar optical waveguides, leaving groups to turn to alternative host materials. [20] [21] [22] [23] In this work, we use Er-doped Y 2 O 3 thin films deposited using radical enhanced atomic layer deposition ͑REALD͒ as the waveguide core material. Due to the identical crystal structure and similar lattice constant of Y 2 O 3 and Er 2 O 3 , a high concentration of erbium can be incorporated into the Y 2 O 3 matrix. Also, both the precise control of erbium incorporation in the host using REALD and the precursor choice allow for optimum doping levels of optically activated Er ions, which can significantly increase the device optical performance. If a bulky erbium precursor is chosen, we can take advantage of the steric hindrance effect and control the separation distance of erbium ions in the lateral direction. In the vertical direction, the separation distance of erbium ions can be controlled by changing the ratio of Y 2 O 3 cycles to Er 2 O 3 cycles. By controlling the separation distance of erbium ions, ion-ion interactions that effectively quench the Er luminescence can be avoided, and an optimum amount of Er ions can be incorporated to provide relatively high luminescence yields compared to conventional Er-doped SiO 2 films. The luminescence yield can also be improved by ensuring that all the Er ions are optically active. By using a metal ␤-diketonate precursor for Er 2 O 3 deposition at temperatures well below 500°C, the Er is found to be in its optically active trivalent state as is in the precursor form. In this case, the Er trivalency is preserved in the deposition process due to the nature of REALD, confirmed by x-ray absorption nearedge spectroscopy ͑XANES͒ and extended x-ray absorption fine structure ͑EXAFS͒ analyses. 24 This also implies that a high temperature anneal is not required, which alleviates the effect on the thermal budget for device fabrication. In principle, techniques such as using sensitizers and codopants to improve the luminescence can also be applied to Er-doped Y 2 O 3 to further improve the optical properties, suggesting that Er-doped Y 2 O 3 is an ideal candidate for the fabrication of compact planar optical amplifiers.
Since the optical absorption cross section plays an important role in determining the efficiency and performance of an optical amplifier, the goal of this study is to investigate the Er absorption cross section in an Y 2 O 3 host and make a comparison to Er 3+ -doped SiO 2 . CRDS is an ultrasensitive and direct absorption technique in which a high quality optical cavity is excited by a short laser pulse and subsequently the decay rate of the laser light inside the cavity is monitored. 25 This decay rate, which is independent of laser intensity fluctuations, is a measure of the optical loss of the laser light inside the cavity, including losses at the mirrors. Placing an analyte inside the optical cavity can lead to an enhancement of the optical loss, and the optical loss caused by the analyte can be quantified from the change in decay rate. Conventionally, CRDS was mainly used for measuring gaseous analytes, however, recently this technique has been extended for studying low absorption values in thin film samples. 26, 27 From the difference in the decay rate of a cavity with a bare substrate and the decay rate of a cavity with a thin film on a substrate, the optical losses induced by the thin film can be determined with an ultrahigh sensitivity. 
II. EXPERIMENTAL SETUP
A detailed description of the ultrahigh vacuum chamber, process conditions, and experimental technique has been discussed in previous literature, so only a brief description will be discussed here. 29, 30 The film composition was determined by x-ray photoelectron spectroscopy ͑XPS͒, using a monochromated Al source on a Kratos Axis Ultra XPS system with take-off angles of 90°with respect to the sample surface. A survey spectrum using a pass energy of 50 eV yielding a step size of 1 eV was performed to determine the surface elements. This was followed by high resolution spectra for a detailed analysis with a step size of 0.1 eV using a pass energy of 20 eV. The spectrum was referenced to the C-C 1s binding energy at 285 eV. Since the XPS was performed ex situ, the films contained approximately 15 at. % O and 13 at. % C.
Rutherford backscattering spectrometry ͑RBS͒ spectra were collected using a system with 2.3 MeV He + with a current of 30 nA and a charge of 40 C. The beam has a spot size of 1 mm 2 and was directed to the sample at an angle of 7°off normal. In order to resolve the oxygen in the Y 2 O 3 film from the oxygen in the fused silica substrate, the RBS spectra were collected with the detector at a backscattering angle of 100°, instead of the commonly used 170°.
Fluorescence-yield Er L III -edge EXAFS data for the Erdoped Y 2 O 3 was acquired at the Stanford Synchrotron Radiation Laboratory ͑SSRL͒ on beamline 11-2, using a double crystal Si͑220͒ monochromator and a 30-element Ge detector array. A Rh-coated mirror was used to reject harmonics. The XAFSs for cubic Er 2 O 3 and Y 2 O 3 powders were also collected as standard references in the transmission mode using a Lytle filter. Data reduction and fitting of the EXAFS were performed using SixPack program, where standard procedures are detailed elsewhere. 31, 32 In modeling the EXAFS results, the theoretical backscattering amplitudes and phase shifts up to 5 Å radial distance from the center absorbing Er were first calculated using FEFF6L and IFEFFIT 1.2.7 programs. 33 Results from the calculations were used to fit the unsmoothed background-subtracted k 3 -weighted EXAFS. Only single collinear scattering paths were required, and the fitting was done in a k range from 3 to 10 Å −1 . In addition, the first and second coordination shells were used simultaneously in the fit, with the best fits determined using the residual factor.
PL measurements were performed at room temperature using Ar laser ͑488 nm͒ with a pump power density of 64 W/cm 2 on Er-doped Y 2 O 3 films. The effective Er 3+ absorption cross section at 488 nm was then estimated indirectly from the optical emission spectrum, using the pump power dependent integrated PL intensity from 1.40 to 1.62 m.
CRDS was applied to measure the Er 3+ 4 I 15/2 -4 I 13/2 absorption spectrum in the wavelength range of 1470-1620 nm. This method has already been described in detail in literature, 26 and therefore only a brief description is given here. An Er-doped Y 2 O 3 film deposited on high purity fused silica ͑Hereaus Suprasil 300͒ substrate was placed in a high quality optical cavity created by two planoconcave, highly reflective mirrors. In the present experiment, a cavity with a length of 0.4 m was created by mirrors with a diameter of 25.4 mm, a radius of curvature of −1 m, and a maximum reflectivity of 0.9998 in the wavelength range of interest. The cavity was excited without mode-matching optics by a tunable idler beam ͑750-1700 nm͒ of an optical parametric oscillator ͑OPO͒ pumped by a frequency-tripled Q-switched neodymium doped yttrium aluminum garnet ͑Nd:YAG͒ laser operating at 30 Hz. The pulse duration was 5 ns and the linewidth was typically 10 cm −1 . The laser wavelength was calibrated with a monochromator, but a linear wavelength shift up to 2 nm cannot be excluded. The total injected pulse energy inside the cavity was less than 3 J for an effective spot size of ϳ3 mm. The temporal decrease in light intensity inside the cavity upon pulse injection was detected by a photodiode. Individual transients were sampled using a 12 bit, 100 MHz acquisition system. Absorption spectra were recorded by scanning the laser over the wavelength range of interest and by averaging over multiple transients ͑typically 25͒ per wavelength step ͑step size is 0.1 or 0.2 nm͒. The total cavity was purged with dry nitrogen to reduce effects of ambient H 2 O absorption lines.
Fourier transform infrared transmission measurements were performed to detect possible absorptions due to O-H and C-H bonds in the Y 2 O 3 films. Spectra were recorded between 370 and 7000 cm −1 with a resolution of 4 cm −1 ; however, the fused silica substrate material is only transparent between 2000 and 7000 cm −1 . The spectra are averaged over 800 scans to improve the signal to noise ratio. In addition, absorption spectra of the Er-doped Y 2 O 3 were recorded by CRDS for the wavelength regions of 1000-1125 and 1235-1450 nm using similar settings as described above. In these wavelength regions possible overtone and/or combination modes of O-H and C-H stretch vibrations can be detected.
III. RESULTS AND DISCUSSION
A. Structural and photoluminescence properties Figure 1 Fig. 1͑a͒ , based on high-resolution transmission electron microscopy ͑HRTEM͒ and electron energy loss spectroscopy ͑EELS͒ analyses, 34 when the Er 3+ concentration was sufficiently small, the ions were evenly distributed in the Y 2 O 3 matrix with relatively large interionic distances. As the Er 3+ concentration increased, more Er 3+ ions were available for replacing Y 3+ in the second shell. Since more Er 3+ ions were within a 4 Å proximity of each other, they could interact via cooperative energy upconversion or energy migration to reduce the photoluminescence yield.
To verify this hypothesis, room-temperature PL measurements were performed using Ar laser ͑488 nm͒ with a pump power density of 64 W / cm 2 on Er-doped Y 2 O 3 films containing 6 -14 at. % erbium, as shown in Fig. 2͑a͒ . In contrast to those reported in literature for Er 3+ ions incorporated in SiO 2 of which the PL spectra only showed one featureless main peak with a small side shoulder even at cryogenic temperature below 77 K, 35 randomize the Stark splitting, resulting in homogeneous spectral broadening. Figure 2͑a͒ illustrates the PL intensity of Er 3+ -doped Y 2 O 3 films as a function of the erbium concentration, while Fig. 2͑b͒ shows the integrated PL intensities normalized to the film thickness and Er 3+ concentration. The normalized PL intensity increased as the Er 3+ ion concentration increased from 6% to 8%, but then decreased significantly at higher concentrations. This type of concentration quenching has been observed in Er 3+ -doped silica and postulated to be due to either ion immiscibility or ion-ion interactions. 38, 39 Since our EXAFS analysis eliminated ion immiscibility as a possible cause, we focused on delineating the effect of ion-ion interaction.
As the radical enhanced ALD process controlled the lateral and vertical separation distances of Er 3+ via the bulky ␤-diketonate ligands and the alternating Y 2 O 3 /Er 2 O 3 deposition cycles, respectively, the Er 3+ ions had relatively large interionic distances at low concentrations ͑ഛ8 at. % ͒, impeding ion-ion interaction. Consequently, the PL yield is relatively high in the absence of these competing processes. The slight increase in PL when the Er 3+ concentration was increased from 6 to 8 at. % was due to the increased concentration of optically activated centers.
To prevent ion-ion interaction, the Er 3+ interionic distance in any host system should be greater than 4 Å. As stated earlier, literature reported results for ionimplanted Er 3+ in SiO 2 samples of at least a few tenths of a micron in thickness usually yield broad and featureless PL spectra from 77 K to room temperature. 35, 36 Therefore, this result is significant, since outstanding PL was observed at room temperature in a fairly thin film ͑ϳ50 nm͒ when a high temperature annealing process was not used. This also confirms that the radical enhanced ALD process preserves the optically active state of Er 3+ . a sufficient fraction of excitable Er 3+ ions can still be excited at this low pump power. The integrated PL intensity from 1.40 to 1.62 m is plotted as a function of pump power ͑symbols͒ in Fig. 4 and was found to increase with increasing pump power, showing no saturation within the power range studied. This pump power dependence can be modeled by considering a simple three-level lasing model, 36 and pump is the wavelength of the pump laser ͑488 nm͒. Since N 2 / N is proportional to the PL yield, the effective absorption cross section was estimated to be 1.0ϫ 10 −18 cm 2 , by fitting this equation to the data in Fig. 4 . This value is consistent with what we reported earlier 40 on samples with higher doping concentrations ͑9 at. % Er, close to the 10 at. % theoretical values above which direct Er-O-Er bonding forms͒ and is significantly higher than that reported for Er 3+ in SiO 2 . 19, 36, 41 However, it should be noted that this is only an effective parameter, since it was determined indirectly from the measured PL intensity, which is influenced by the host material and method of preparation. Finally, the model predicted that all Er 3+ ions can be excited at ϳ300 W / cm 2 ͑Fig. 4 inset͒. However, it is not desirable to operate near this region due to the dominant effect of cooperative energy upconversion. As a result, the operating range should be kept well below 300 W / cm 2 .
B. Optical absorption cross section of Er 3+ in Y 2 O 3
To determine the direct absorption cross section by CRDS using the experimental configuration in Fig. 6͑a͒ , an Er 3+ -doped Y 2 O 3 film containing ϳ4 at. % Er was deposited at 350°C. The XPS analysis ͑inset in Fig. 5͒ showed distinct features of Er 4d and the Y 3d 5/2 whose binding energies suggested that they were fully oxidized. The erbium concentration was determined from XPS to be ϳ3 at. %. Figure 5 shows the corresponding RBS spectrum with a distinct O peak representing O in the thin film, which overlapped with that from the fused silica, leading to some uncertainty in the O composition ͑44.7± 5 at. % ͒. The Er concentration was determined to be 4.1± 0.5 at. %. The slight discrepancy in concentration determined by these two techniques is expected due to the difference in their sensitivity. Since XPS is only surface sensitive, the RBS determined Er concentration is used in this work. From RBS, we also determined the Y to Er ratio to be ϳ6. 6 . This ratio allowed us to fit the corresponding EXAFS results well ͑not shown͒, affirming the el- emental composition and bonding. The RBS determined areal density of 2.87ϫ 10 17 atoms/ cm 2 yielded a film thickness of ϳ43 nm, assuming the density to be that of Y 2 O 3 ͑6.7ϫ 10 22 cm −3 ͒. Figure 6͑b͒ shows cavity ring-down transients recorded at a wavelength of 1530 nm for both the bare fused silica substrate and the sample of fused silica substrate with an Er-doped Y 2 O 3 film. The transient for the fused silica substrate exhibits a single-exponential behavior with a ringdown time of ϳ8 s. The transient for the fused silica substrate with Er-doped Y 2 O 3 film shows some deviation from a single-exponential decay in the first ϳ1.5 s of the transient. At a longer time scale the transient is also single exponential with a ring-down time of ϳ2 s. The initial fast decay can most probably be ascribed to a fast decay of higher order transverse cavity modes in the optical cavity due to scatter losses induced by the sample. The single-exponential parts were used to calculate the optical loss induced by the Erdoped Y 2 O 3 film, as will be reported in the next figures. This optical loss includes both absorption and possible scattering contributions induced by the Er-doped Y 2 O 3 film, but it is corrected for losses at the mirrors and losses due to the fused silica substrate. Figure 6͑c͒ shows the optical loss spectrum for the Erdoped Y 2 O 3 thin film. The optical loss spectrum shows a characteristic Er 3+ absorption spectrum superimposed on a background optical loss. The Er 3+ absorption spectrum is relatively narrow and ranges from ϳ1515 toϳ 1560 nm. The background absorption of ϳ600 ppm can most probably be attributed to loss processes not related to Er such as scattering and ͑nonresonant͒ absorption. Repeated measurements after sample alignment gave reproducible results for both peak shape and magnitude, with some variations in the background level. We attribute the latter to variations in alignment and optical quality of the sample. Similar results with respect to the background absorption level were observed previously for Er-doped SiO 2 .
19 Figure 7 shows a high resolution absorption spectrum as determined from an optical loss spectrum by correcting for the background optical loss. The vertical scale of the figure shows absorption cross section values which have been obtained by dividing the absorption losses by the Er areal density in the film. The latter has been obtained by RBS and can be calculated from the film thickness of 43 nm, the atomic density of 6.7ϫ 10 22 Both the room-temperature PL and the Er 3+ absorption spectra show well-resolved features due to the different absorption transitions between the 4 I 15/2 and 4 I 13/2 manifolds. To make a direct qualitative comparison between the CRDS and PL data, the emission spectrum has been calculated from the absorption data by applying the McCumber theory; 42, 43 as shown in Fig. 7 . The major absorption peak is observed at 1532.5 nm, a shift of about 2 nm with respect to the main PL peak observed at 1534.5 nm. This difference is likely due to the use of two calibrated, yet different lasers, yielding an accuracy of 1 -2 nm. The full width at half maximum ͑FWHM͒ of the main absorption peak is about 3 nm, narrower than the 7 nm FWHM of the observed main PL peak. The absorption spectrum has been obtained from the optical loss spectrum after correction for the background optical loss. The corresponding emission spectrum calculated by applying the McCumber theory is also shown. The emission spectrum can be directly compared with the PL spectra, and the vertical scale shows absolute cross section values for both the absorption and emission spectra.
C. Quantification of OH and CH
The presence of OH, CH, and other impurities can cause vibrational quenching of electronically excited erbium ions. For example, the second harmonic of OH stretch vibration is resonant with the Er 1.5 m emission 20 and a CH bond within a radius of ϳ2 nm of an Er 3+ ion can be an effective deexcitation site for the Er 3+ ion. 28 Therefore, it is important to detect and quantify their presence and concentrations. Figure 8 shows the results obtained by Fourier transform infrared transmission measurements on the sample. The inset shows the as-measured transmission of the sample with respect to the fused silica substrate. A broad absorption feature between approximately 2700 and 3700 cm −1 is clearly observed. Due to the broad nature of the peak as well as some strong absorption features in the lower wave number ͑Ͻ2700 cm −1 ͒ region as induced by the fused silica substrate, the exact shape and nature of the absorption peak cannot be determined. A considerable part of the absorption peak can, however, be attributed to absorption by O-H groups present in the Y 2 O 3 . 44 Furthermore, absorption features due to the fundamental CH stretching mode, CH, were clearly observed in the 2800-3100 cm −1 region, as shown in Fig. 8 after the base line correction. The absorption peaks at ϳ2855 and ϳ2914 cm −1 are attributed to sp 3 symmetric and asymmetric stretches of CH 2 , respectively. 45 The sp 3 symmetric and asymmetric CH 3 stretches were observed as shoulders at ϳ2880 and ϳ2958 cm −1 , respectively. No sp 2 coordinated C-H bonds were observed. As O-H and C-H groups have been observed in the Er-doped Y 2 O 3 , an attempt was made to detect these species by CRDS by probing possible overtone and combination modes of O-H and C-H vibrations. Recently, CRDS in the evanescent-wave configuration 46 ,47 ͑EW-CRDS͒ was found to be highly sensitive for the detection of C-H overtones of surface adsorbed chloroethylenes, 48 surface Si dangling bonds in amorphous hydrogenated silicon ͑a-Si:H͒ films, 49 and O-H combination bands on amorphous SiO 2 . 50 Using the linear cavity in the current experiments, no absorption peaks could be observed in the wavelength region of 1000-1125 nm; however, an absorption peak could be clearly observed between 1360 and 1400 nm for the second wavelength scan, as shown in Fig. 9 . The absorption peak observed is attributed to the first overtone of the OH stretch vibration, 2OH, in the wavelength range of 6900-7350 cm −1 ͑ϳ1350-1450 nm͒. A similar-shaped absorption band has been reported in synthetic silica optical fibers. 44 The detection of the first overtone of the OH stretch vibration in the 43 nm thick Y 2 O 3 illustrates the high sensitivity of the CRDS technique since the overtone and combination bands of OH vibrations have very low absorption cross sections. 44 An important fact is that the overtone spectrum of O-H is much narrower and better defined. It is known that overtone and combination bands provide a much higher degree of chemical specificity and increased conformational resolution over vibrational fundamental bands used in traditional infrared spectroscopy. 51 The better resolved overtone spectrum makes it possible to estimate the OH content of the Y 2 O 3 film using information on the absorption cross sections of O-H overtones. 44, 52 This yields an estimated OH content in the Er-doped Y 2 O 3 of at least a few percent.
Within the wavelength regions scanned by CRDS, other overtone and combination bands have not been observed. It is expected that the first overtone of the CH stretching mode ͓2CH, 5900-6250 cm −1 ͑1600-1700 nm͔͒ would have been detectable; however, no high reflectivity mirrors in this wavelength range were available at this time. The absorption at higher overtone and combination modes ͓2CH + ␦CH, ͑1375-1425 nm͒ and 3CH, 8300-8700 cm −1 ͑1150-1200 nm͒, 2OH + ␦OH, 8100-8300 cm −1 ͑1200-1250 nm͔͒ was most probably too weak to be observed and/or located at the edge of the wavelength ranges studied.
IV. CONCLUSION
The larger absorption cross sections of Er 3+ -doped Y 2 O 3 compared to ion-implanted Er 3+ in SiO 2 , as determined directly by CRDS at 1.53 m and indirectly by pump power dependence over the range of 1.3-1.7 m, suggest that the optical properties of Er 3+ -doped Y 2 O 3 are affected by the chemical coordination, position, and spatial distribution of the Er 3+ ions. As these effects are likely universal in rareearth doped oxide materials, our findings suggest that it is possible to design materials with improved optical properties for their use in optoelectronic devices.
